During the last 40 years, surgical correction techniques applied to spinal deformity have progressed radically. Harrington [8] , Luque [14], and then Cotrel and Dubousset [6] added successive contributions to these advances using different approaches. Harrington [8] chose a simple distraction, correcting deformation essentially in the frontal plane. Luque [14] obtained this same distraction by translating the spine toward the rods, which were fixed by laminar wires. Cotrel and Dubousset [6] introduced a threedimensional correction and fixation system using open hooks and rods. During the last few years, developments Abstract Disadvantages of thoracic posterior implants and developments in rod contouring in situ led to the design of a new spinal implant: the bipedicular spinal fixation device (BSF). The BSF is composed of two bifid hooks linked by a compression transverse connector and inserted into the costo-vertebral and costotransverse joints. The aim of this biomechanical study was to determine the loading tolerance of the BSF. Three strength tests -a pull-out test, a lateral load-to-failure test and a uniaxial transversal compression test to failure -were performed using six human thoracic spines on an Instron testing device. Specimen evaluation consisted of: bone mineral density (BMD) measurement with the dual-energy X-ray absorptiometry (DEXA) technique, cortical thickness measurements and a morphometric study. The mean values for load-to-failure in the posterior and lateral tests were 324 N and 400 N respectively. The mean value of the uniaxial compression was 988 N. The mean BMD estimated by DEXA was 0.557 g/cm 2 . The BSF loading tolerance was compatible with the in situ rod contouring technique requirements when we considered posterior and lateral pull-out tests. The transversal compression test determined the appropriate and efficient BSF tightening force.
in techniques of in situ rod contouring have reduced torsional deformation using appropriate rods [22] . The first main step of the in situ rod contouring technique is the insertion of the rod and implants before correction. The rod is modeled before being inserted into the implants without corrective objective. The second step consists in corrective manipulations performed plane-by-plane and segment-by-segment by contouring the rod in the sagittal and frontal planes at different levels. This technique performs a composed movement, which does not correspond to any pure movement. The theoretical advantage lies in restoring or improving sagittal-plane balance, and the first invitro studies are encouraging [23, 24] .
At present, pedicular screws [17] , laminar or pedicular hooks, and wires constitute the thoracic implants. Pedicular screws possess effective loading tolerance, but are not totally safe. Indeed there is a potential neurological risk, particularly in the thoracic spine. The sublaminar wires and laminar hooks require a spinal canal opening, and their loading tolerance is uncertain. In addition, hooks -laminar or pedicular -have got an upper or lower fixation direction, imposing distraction or compression loads which can be neutralized by a hook combination. Because of these drawbacks we developed a new implant, the bipedicular spinal fixation device (BSF), which has, as its primary objective, the correction of thoracic spinal deformation. The other objectives were:
-Easy setting without spinal canal opening -Efficient bilateral grip, allowing three-dimensional correction -Compatibility with the in situ rod contouring After manufacturing the first prototypes, a biomechanical analysis was needed to determine whether the new implant could obtain and support stable osteosynthesis. Two studies were defined:
1. Strength tests until failure to determine loading tolerance with three selected loading modes 2. A comparative stiffness test to quantify the range of motion between an intact thoracic spine and an injured one with two instrumentations, one of which was the BSF [1] The aim of this study was to investigate the BSF loading tolerance using:
-A biomechanical evaluation with three strength tests: a pull-out test, a lateral load-to-failure test and a uniaxial transversal compression test to failure. These last two tests were performed to evaluate the bipedicular spinal fixation system and the in situ rod contouring particularities. -A specimen characteristics evaluation done by performing a morphometric study of thoracic vertebrae, a bone mineral density evaluation, and a cortical thickness measurement. These parameters were included to reinforce the results reproducibility and to check whether they significantly affected the strength tests.
Materials and methods

Bipedicular spinal fixation device
The BSF (manufactured with stainless steel 316 L 490-690 MPA) is composed of two bifid hooks linked by a compression transverse connector, which creates a claw around the vertebral arch. The claw is in contact with the lateral sides of pedicles due to the extremities of the hooks (Fig. 1) . The hooks are inserted into the costo-vertebral and costo-transverse joints, in front of the anterior side of the transverse processes, after having sectioned their extremities. The body of the hook is open behind, to receive rods. Therefore, the BSF constitutes a new spinal fixation device, which can be used with conventional spinal rod osteosynthesis.
Specimen preparation
Six fresh human thoracic spines harvested from six male cadavers (from T1 to T12) were used for this study. The average age was 67.8±8.4 years (range: 58-79 years). The time interval from death to harvesting was 9.3±4.2 days (range: 3-14 days). During this time specimens were conserved at +4°C. Bone densitometry was performed on the six spines using the dual-energy X-ray absorptiometry technique (DEXA; Hologic QDR 2000, Hologic Inc., Waltham, Mass.). The results were expressed as bone mineral density (BMD, g/cm 2 ). A computed tomography scan (CT; Philips Tomoscan AV, Philips, Eindhoven, Netherlands) was performed in air at 120 kV and 150 mA with 2.0-mm slice widths to obtain scans of each spine for inspection and to measure vertebral body cortical thickness. For each spine, all images were inspected to rule out occult metastatic disease or other spinal abnormalities. A single representative midbody slice was chosen in the T3, T7 and T10 vertebrae to measure the cortical thickness of three different regions of the vertebral body -anterior, lateral right, and lateral left -for each spine. The measurements were computed digitally (Matlab 5.3, Mathworks Inc., Natick, Mass.) using Corticoscope software (developed at our institute) for each of these three regions and averaged, resulting in an average cortical thickness measurement directly proportional to cortical thickness for each of the three vertebrae. A reproducibility study was performed, which estimated the confidence interval at P<0.05. After harvesting, all spines were frozen at -20°C until testing. A single surgeon (L.B.) prepared all the specimens, to obtain reproducible results and to ensure consistency of construct application.
Testing protocol
Each specimen was thawed and cleaned of all soft tissues and disarticulated. Three vertebrae were excluded: two vertebrae (T3 and T4 of one specimen) were used to evaluate a specially designed jig, and one (T12 of another specimen) was damaged. Before test- Fig. 1 The bipedicular spinal fixation device (BSF) comprises two bifid hooks joined together with compression transverse connectors ing, each vertebra was measured with a precision caliper. The measurements were performed in accordance with Panjabi et al. [16] : upper and lower end-plates width of the vertebral body, upper and lower end-plate anteroposterior depth of the vertebral body, left and right pedicle width, left and right pedicle height, spinal canal width, spinal canal depth and transverse process width. Each vertebra was weighed before testing. The transverse processes were prepared for fixation to the BSF by making a perpendicular section of their extremities and a transversal "trench" on their posterior sides to receive the transverse connectors (Fig. 2) .
Three strength tests were performed using Instron testing systems (Instron 5500 R1185, Instron Corp., High Wycombe, Bucks). The three tests consisted of: -A posterior load-to-failure pull-out test on T4, T7, T9 and T10 vertebrae -A lateral load-to-failure pull-out test on T2, T3, T5 and T8 vertebrae, and -A uniaxial compression test-to-failure on T1, T6, T11 and T12 vertebrae
Pull-out and lateral load-to-failure tests
A dynamometric system applied a 120-N constant compression force to the two hooks of the BSF (Fig. 3 ). The loading conditions
were not constrained. The vertebra receiving the BSF was clamped firmly in a posterior-up position on a custom jig using a slim rectangular metallic plate in the spinal canal (Fig. 4) . Two pins passed through the midline of the vertebral body in a cranial-caudal direction. The jig was fitted into the test machine in such a way that the pull line was collinear with the axis of the vertebra. The BSF was loaded about the x-axis (the intersection of the transversal and sagittal planes) in the pull-out strength tests and about the y-axis (the intersection of the transversal and frontal planes) in lateral load-to-failure strength tests (Fig. 5A,B) . Thus the load was applied in a posterior direction, perpendicular to the transverse process in pull-out tests, and in a lateral direction, perpendicular to the pedicle in lateral load-to-failure tests. The applied load was performed uniaxially on the left side of each vertebra, thus eliminating any bias related to the reproducibility tests and choosing the most unfavorable configuration for the BSF. The testing mode was load-controlled at a constant rate of 13 N/s. The load was continuously increased until failure occurred. Load-displacement curves were plotted. A load-to-failure was defined as the maximum load recorded.
Uniaxial transversal compression test
The uniaxial transversal compression test was done on an isolated vertebra without the BSF. The vertebra was positioned on a special jig simulating the BSF principle ( Fig. 5C ) and loaded uniaxially about the y-axis. The testing mode was load-controlled at a constant rate of 13 N/s. The load was continuously increased until failure occurred. Load-displacement curves were determined. A loadto-failure was defined as the maximum load recorded.
Statistical analysis
All data were entered onto Excel software (Microsoft Corp., Seattle, Washington). The non-parametric Spearman's rank correlation test (Rs) was used to identify statistical significance between variables using Solo 4.0 (BMDP Statistical Software, Los Angeles, 
Results
Specimen characteristics
Bone mineral density and cortical thickness
Values for age, BMD estimated by DEXA, and cortical thickness are listed in Table 1 . The mean BMD was 0.557 g/cm 2 (range, 0.314-0.748 g/cm 2 ), corresponding to osteoporotic specimens. A correlation was found between BMD and cortical thickness (Rs= -0.88). This result was paradoxical, because the negative R-value meant that a large BMD was associated with a small cortical thickness.
Morphometric study
The upper and lower end-plate widths, the upper and lower end-plate anteroposterior depths and the vertebral mass increased gradually from T1 to T12 (Fig. 6, Fig. 7 ). The pedicle width and height and the transverse process width presented three distinct regions: upper (T1 and T2), middle (from T3 to T9) and lower (from T10 to T12) (Fig. 6 ). These three zones were also found in the spinal canal width, while the spinal canal depth was relatively constant from T1 to T12.
Biomechanical testing
Pull-out tests
The mean pull-out force was 324±110 N (range, 162-553 N) for the four chosen levels. The results of the pullout tests are summarized in Table 2 . The typical failure mode for the BSF was a transverse process fracture. A correlation was found between load-to-failure and BMD for T7 and T9 only (Rs=0.88 and Rs=0.772 respectively), and between load-to-failure and cortical thickness for T7 and T10 (Rs=-0.86 and -0.84 respectively). No correlation was found between load-to-failure and vertebral mass (-0.14≤Rs≤0.66), pedicle width (-0.31≤Rs≤0.1) or pedicle height (-0.54≤Rs≤0.48).
Lateral load-to-failure tests
The mean lateral load-to-failure was 400±192 N (range, 179-856 N) for the four chosen levels. The results of lat- eral load-to-failure tests are summarized in Table 3 . The typical failure mode was a pedicular fracture followed by a rotation of the vertebral arch. The T2 testing results were higher and seemed to be caused by the atypical anatomical thoracic shape of this transitional vertebra. There was a correlation between pedicle width and load-to-failure at T2 and T3 (Rs=0.772 and Rs=0.8 respectively), but not at any other level. There was no correlation between loadto-failure and pedicle height (Rs≤0.42), BMD (Rs≤0.7) or vertebral mass (Rs=0.9).
Uniaxial transversal compression test
The mean uniaxial transversal compression was 988±303 N (range, 488-1505 N) for the four chosen levels. The results of the uniaxial transversal compression tests are listed in Table 4 . For T11 and T12 transitional vertebrae, the lack of transverse processes and short vertebral arch probably explained the lower load-to-failure measures. No correlation was found between load-to-failure and the different parameters studied.
Discussion
We chose three vertebra groups for the three strength tests:
-Pull-out tests: T4, T7, T9, T10 -Lateral load-to-failure tests: T2, T3, T5, T8 -Uniaxial transversal compression tests: T1, T6, T11, T12
to obtain groupings related to the three thoracic spine regions. As T11 and T12 are devoid of any transverse process, the BSF could not be inserted. We consider that the lowest level where a BSF can be implanted is T10, so we kept these two vertebrae for the uniaxial transversal compression test, in which a specific jig allowed a more precise fit for the anatomical vertebral differences. One of the initial purposes behind the BSF was to use it as an alternative to a regular thoracic implant. Three strength tests were performed to determine the BSF loading tolerance. Pull-out tests seemed to be the most appropriate means of spinal implant evaluation. In our study the mean pull-out force was 324±10 N, which is lower than in other studies [2, 4, 5, 7, 9, 18, 19] . Several studies have been performed to investigate the pull-out force of different screws and hooks in thoracic and thoraco-lumbar spine [4, 5, 18, 19] , but relatively few authors limited their studies to the thoracic spine [2, 7, 9] . Berlemann et al. [2] tested: -The Universal Spine System (USS) pedicle hook with one screw -A prototype pedicle hook with two screws -The Cotrel-Dubousset (CD) pedicle hook with a screw 5.5 mm long and 3 mm in diameter, and -A pedicle screw 5-mm USS in nine thoracic cadaver spines (T2-T12) with a mean age at time of death of 55.8 years. The mean values for the constrained pull-out strengths were 910 N, 1530 N, 740 N and 1650 N respectively for the four implants. Thus, the mean load-to-failure in their study for the pedicle screw was more than 2.2 times higher than the mean load-tofailure for the CD hooks with screw.
Dvorak et al. [7] compared the 6-mm Hoffmann Extend Fixator pins inserted with the conventional pedicle screw technique in one pedicle and the extrapedicular technique on the opposite side, in six thoracic cadaver Heller et al. [9] determined the comparative pull-out strengths of the pedicle screw versus transverse process screws -3.5-mm cortical Synthes screw -in the upper thoracic spine (T1-T4). They used ten fresh human spines with a mean age at time of death of 75 years. The mean load-tofailure for the pedicle screws (658 N) was statistically greater than that for the transverse process screws (361 N).
While these three studies were all limited to the thoracic spine, their methodological differences -specimens characteristics and testing protocols -do not allow for meaningful comparisons between their respective data. We think that the mean pull-out force of 324 N measured in our study is adequate, and our first clinical experiences in non-osteoporotic patients confirm our in vitro studies.
In our study, a correlation was found between load-tofailure and BMD in the pull-out test for two vertebral levels. Many authors [2, 4, 5, 7, 9, 19] have shown a linear correlation between BMD estimated by the usual methods (DEXA or CT) and pull-out tests with pedicular screws in thoracic or thoraco-lumbar spines. In contrast, hook pullout forces seem to be independent of the BMD [2, 5] . In strength tests on human cadaveric spines, spinal BMD is probably one of the more important predictive factors contributing to the pedicular screw loading tolerance. However, posterior element characteristics, which are poorly evaluated by BMD, and the capacity of the jig to produce reliable results, were probably the two major factors modifying hook loading tolerance.
The lateral load-to-failure test and the uniaxial transversal compression test to failure were performed because of the BSF and the in situ rod contouring peculiarities. During the correction of scoliosis by the in situ contouring technique, the surgeon pulls the concave pedicular hook inside the spinal canal. No equivalent test was found in the literature. The applied force in the lateral load-to-failure test is one of the most frequent situations created by the in situ rod contouring, when the rod is rotated to correct torsional spine deformity. The mean lateral load-tofailure force was 400±192 N, close to the pull-out force. These results show that the BSF should allow appropriate rod rotation to correct spine deformity. The lateral loadto-failure force for two vertebral levels correlated with the pedicle width. The result seemed to agree with the usual failure mode, which was a pedicular fracture. This result reinforced the belief that it is worthwhile to conduct a morphometric study in strength tests. In accordance with other authors [3, 10, 11, 13, 16, 20, 21, 25] , our morphometric study defined classically three distinct regions: upper (from T1 to T2), middle (from T3 to T9) and lower (from T10 to T12). Nevertheless, the measurement analyses showed differences among all the studies. Overall, our measurements were similar to other studies on fresh specimens [2, 16] , but at the upper limits. This observation could probably be explained by our having only male adult cadavers and using fresh cadaver segments without washing, boiling or chemical treatment.
The uniaxial transversal compression test to failure was performed to choose the appropriate BSF tightening force. The mean transversal compression was 988±303 N. Although there was a wide disparity among the results, the lower load-to-failure transversal compression force (488 N) was higher than the arbitrary BSF tightening force (120 N). No conclusion was expressed after the statistical analysis of the transversal compression test, because the significant correlation found was too isolated and uncertain. The weak specimen sample limited our conclusion.
We performed the BMD evaluation using DEXA, which provided an integral measure of spinal bone mineral content. This measure includes contributions from both the (7.4) cortical and the cancellous bone of the vertebral body and from the posterior elements. However, measurements are overestimated on account of osteophyte formation [15] , interapophyseal arthosis [12] , and vascular calcification. In our study, despite choosing male cadavers, the mean BMD (0.557 g/cm 2 ) corresponded to osteoporotic specimens. The mean age at time of death (67.8±8.4 years) and the BMD values of our specimens were far from those of the young scoliotic population for whom this fixation device was primarily intended, but this is a common criticism of in vitro biomechanical studies. Berlemann et al. [1] found the mean BMD estimated by DEXA to be between 0.643 and 0.988 g/cm 2 . In a thoraco-lumbar comparative study, Breeze et al. [4] found the mean BMD estimated by DEXA to be between 0.297±0.103 g/cm 2 (bicortical screws) and 0.308±0.113 g/cm 2 (unicortical screws). Thus our results are in agreement with theirs, all the more so since the authors used the same DEXA devices.
Conclusion
In conclusion, this biomechanical study of the BSF allowed us to quantify load-to-failure strength with three strength tests, two of which were developed especially for the BSF and in situ rod contouring particularities. Cortical thickness, BMD and pedicle width seemed to influence the BSF pull-out strength, although the weak specimen sample and specimen characteristics limited any definitive conclusion concerning correlations. The transversal compression test determined the most appropriate, efficient BSF tightening force. As the lateral load-to-failure test yielded values similar to the pull-out test, the BSF loading tolerance should be compatible with the in situ rod contouring technique.
